Abstract: Two types of analysis were conducted to examine the impacts of midcentury scenarios of anthropogenic climate change on flexible pavement infrastructure in southern Canada. An analysis of deterioration-relevant climate indicators at 17 southern Canadian sites revealed that over the next 50 years low temperature cracking will become less problematic, structures will freeze later and thaw earlier with correspondingly shorter freeze season lengths, and higher extreme in-service pavement temperatures will raise the potential for rutting. Pavement performance simulations conducted using the mechanistic-empirical pavement design guide and data from the Canadian long term pavement performance program for six of these sites also suggest that rutting issues will be exacerbated by climate change and that maintenance, rehabilitation, or reconstruction will be required earlier in the design life. While the simulated effect of climate change was found to be modest, both in absolute terms and relative to variability in pavement structure and baseline traffic loads, pavement engineers would benefit by incorporating longer time series of weather and climate in their designs. Although the analysis was conducted for southern Canada, many of the findings and impacts may be similar for the northern United States.
Introduction
The Canadian road system is a valuable resource, both in absolute terms and relative to other transportation modes. Richardson ͑1996͒ estimated that the asset value of the system was about $100 billion while more recent figures indicate a replacement value of $46 billion for road infrastructure in Ontario alone ͑Ontario Ministry of Transportation 2007͒. Canadian economic and social activities are highly dependent on this infrastructure. In 2002, trucks carried 63% of the $531 billion worth of goods traded with the United States while automobiles accounted for almost 92% of the 188 million domestic trips taken in Canada ͑Transport Canada 2003͒. The mobility and economic prosperity enabled through the road system is underwritten by the direct capital and maintenance expenditures alluded to previously, but also substantive externalized costs such as one-sixth of Canadian greenhouse gas emissions that contribute to global anthropogenic climate change ͑Environment Canada 2007a͒-the issue of concern in this paper.
While much effort has been devoted to understanding the contribution of road transportation to emissions of greenhouse gases, relatively little research has been completed to understand the implications of a changing climate for the design, management, and operation of road infrastructure ͑Andrey et al. 2004͒ . The Intergovernmental Panel on Climate Change ͑IPCC͒, the international authority regarding the science of climate change, recently strengthened its contention that humans have had, and will continue to have, an increasing influence on the global climate system as measured by changes in temperature, precipitation, and other elements ͑Intergovernmental Panel on Climate Change 2007͒. Best estimates of global average annual temperature increase over the next century range from 1.8-4.0°C ͑Intergovern-mental Panel on Climate Change 2007͒. These values correspond to a warming of 2.0-5.0°C in the annual temperature and a 5-30% increase in annual precipitation in southern Canada ͑Christensen et al. 2007͒ . Even with drastic immediate reductions in greenhouse gas emissions ͑i.e., sufficient to stabilize atmospheric concentration levels observed in the year 2000͒, the Intergovernmental Panel on Climate Change ͑2007͒ expects global temperatures to warm by 0.6°C over the next century. The world is already very likely committed to a significant amount of warming, and there is a pressing need to understand what the implications of such changes are for roads and other aspects of transportation.
In response to this need the authors developed a project to examine the impacts of climate change on flexible pavement infrastructure in southern Canada ͑Mills et al. 2007͒ . This paper presents a synthesis of the work that was completed. A review of pavement design and management practices and engineering models and approaches used to monitor, assess, and predict flexible pavement performance revealed that climate-and thus potentially climate change-is an important consideration in at least three deterioration processes: thermal cracking, frost heave and thaw weakening, and rutting ͑Mills et al. 2007͒ . The objective of the study was to understand how scenarios of climate change affect the frequency, severity and duration of these conditions, and concomitant impacts on pavement performance. Two scenario-driven analyses were developed to investigate these generalized impacts in greater detail. The first involved examining a sample of deterioration-relevant climate indicators that are routinely applied or referenced in the management of pavement infrastructure. The second analysis employed the Mechanistic Empirical Pavement Design Guide ͑MEPDG͒ to simulate pavement deterioration and performance over time for a selection of sites. Results for baseline and anticipated future climate conditions were compared in both applications. The methods, data, and results from each analysis are discussed in turn following a general discussion of climate change scenarios.
Climate Change Scenarios
Climate change scenarios were derived from experiments using coupled atmosphere-ocean general circulation models ͑AOGCMs͒. Surface temperature ͑minimum, maximum, and mean͒ and precipitation ͑total͒ data for each model and experiment were obtained through the Canadian Climate Scenarios Network ͑En-vironment Canada 2007b͒. Monthly data were available for baseline ͑1961-1990͒ and three future 30-year temporal windows centered on the 2020s, 2050s, and 2080s. Given that the average design life of pavement infrastructure is about 20-30 years, only the 2050s scenarios were examined in the current study. The scenario data consisted of output for climate model grid cells, each of which spans 2.5 ͑HadCM3͒ to 3.75 ͑CGCM2͒ degrees latitude and 3.75 ͑both models͒ degrees longitude ͑i.e., over 100, 000 km 2 ͒. Scatterplots of potential changes in annual and seasonal mean surface temperature and precipitation were prepared to evaluate the magnitude of the CGCM2A2x and HadCM3B21 experiment results relative to other AOGCM scenarios for the study sites. A sample scatterplot for the Winnipeg, Manitoba site is presented in Fig. 1 . In general, the CGCM2A2x and HadCM3B21 temperature and precipitation scenarios are average and conservative, respectively, when compared to other AOGCMs and experiments for southern Canada.
Analysis of Deterioration-Relevant Climate Indicators
Two sets of deterioration-relevant climate indicators or measures were identified for analysis based on the literature review ͑Mills et al. 2007͒: ͑1͒ performance grade asphalt cement ͑PGAC͒ high and low temperature threshold criteria and ͑2͒ freezing indices ͑FI͒ and thawing indices ͑TI͒. A suitable PGAC is intended to minimize thermal cracking at cold temperatures while simultaneously limiting traffic-induced rutting at hot temperatures. A reliability factor, most often 98% over the design life of the pavement structure, is associated with each PGAC and is determined as part of the calculations for each design. Grades are assigned in 6°C increments for both minimum and maximum pavement temperatures. For example, a PG 52-22 asphalt cement meets a minimum daily surface pavement temperature requirement of −22°C, and an average 7-day maximum temperature of 52°C, with 98% reliability over its design life. The minimum PG threshold refers to surface pavement temperatures while the maximum PG threshold refers to a temperature within the pavement, normally about 20 mm from the surface of the hot mix asphalt paving lift ͑Ontario Hot Mix Producers Association 1999͒. Empirical formulas developed through the Superpave and long term pavement performance ͑LTPP͒ programs were used to estimate pavement temperatures from air temperature data and determine appropriate PGAC ratings ͑Federal Highway Administration 2002͒ ͑see notaion at end of paper for variable definitions͒.
For maximum pavement temperature, 
͑2͒
FI and TI are used in practice to establish winter weight premiums ͑WWPs͒ and spring load restrictions ͑SLRs͒ and to empirically model the depth of frost within the pavement structure, a Leong et al. ͑2005͒ and adjusted slightly by the authors. Once a site reached the critical FI, a daily TI ͑degree day count͒ was calculated for those days when the mean daily air temperature exceeded a reference value ͑−2°C͒. This value approximately corresponds to a temperature of 0°C at the base of the asphalt layer ͑i.e., to account for pavement response to radiation even though air temperatures are below 0°C͒. SLRs are assumed to be required in order to mitigate pavement damage when the cumulative daily TI reaches and sustains a critical value ͑13 degree days͒. To ensure that the thaw is prolonged sufficiently to affect the structure, additional criteriaattainment of at least 30 degree-days within seven days and an average TI of 21.5 degree-days-were applied to establish the recommended SLR date. For each year, the number of days between the achievement of a critical FI and realization of critical TI is calculated to determine a freeze season length. Low and high PGAC thresholds and the timing of recommended WWP and SLR assignments were calculated using daily temperature and climate change scenario data for 17 sites across Canada ͑Table 1͒. The primary criteria for selection were location ͑i.e., to capture a range of climatic regions in southern Canada͒, availability of complete daily records of temperature and precipitation, and proximity to test sections in the LTPP program ͑rel-evant for the MEPDG analysis͒.
The spatial resolution of AOGCM output is very coarse such that daily or monthly time series of variables are generally not suitable for direct input into climate impact analyses. Instead, the output is normally downscaled to match the scale at which the impact exposure unit is modeled ͑e.g., a point on a road network, hydrologic basin, city, etc.͒. Barrow et al. ͑2004͒ described several downscaling techniques ranging in sophistication from simply adjusting historic time series by an average change factor derived from output for a particular AOGCM cell ͑e.g., increase mean January temperature by 4°C or precipitation by 15%͒ to developing a high resolution dynamic regional climate model nested within a coarser AOGCM ͑e.g., Goyette et al. 2000͒ . Statistical weather generators ͑e.g., Semenov et al. 1998; Wilks and Wilby 1999; Wilby et al. 2002͒ fall between these extremes, both in terms of sophistication and ease-of-use, and were used in the analysis of deterioration-relevant climate indicators. LARS-WG, a stochastic weather generator developed and described in detail by Semenov et al. ͑1998͒, was used to produce three random, synthetic, 50-year daily time series for the baseline and each climate change scenario. LARS-WG was first parameterized for each site using 1951-2000 daily temperature and precipitation data obtained from Environment Canada. LARS-WG preserves the basic statistics of the original data in simulating a synthetic series; thus it allows the user to examine a degree of random variability in the baseline. LARS-WG allows the user to insert monthly factors ͑i.e., changes in mean and standard deviations of temperature, mean precipitation͒ that are applied to the baseline parameters of a particular site and thus incorporated into the simulation of future daily time series. As with the baseline, three separate 50-year simulations of future daily data were completed for each site and scenario ͑CGCM2A2x, HadCM3B21͒. These data were then used to generate time series and calculate basic summary statistics for each of the deterioration-relevant climate indicators permitting comparison between baseline and changed climate states. 
PG Analysis Results
Daily minimum and 7-day mean maximum temperatures are expected to increase with climate change at all of the sites examined. In general, the CGCM2A2x scenarios yield the greater changes in both minimum and 7-day mean maximum temperature variables. For example, Fig. 2 shows the distribution of all daily minimum temperatures for the Winnipeg site under simulated baseline and future climate conditions. From this daily data, time series of the minimum temperature and the highest 7-day mean maximum temperature observed in each year were extracted and applied to the Superpave pavement temperature formulas to determine PG ratings. Results are summarized in Table 1 . Baseline low temperature thresholds determined using the Superpave algorithm ranged from −16°C ͑Vancouver͒ to −46°C ͑Edmonton͒. Relative to the baseline, no change in PG rating occurred at any of the sites under the HadCM3B21 scenario while seven of 17 sites warmed up by one category under the CGCM2A2x scenario.
Baseline high temperature thresholds determined using the Superpave algorithm were either 52°C ͑Vancouver, Calgary, Edmonton, North Bay, Halifax, St. John's͒ or 58°C ͑Kelowna, Regina, Winnipeg, Thunder Bay, Windsor, Muskoka, Toronto, Ottawa, Montreal, Fredericton͒ for surface mixes. The upper limit of this range expanded to 64°C ͑Kelowna, Windsor͒ after results from the climate change scenarios were considered. PG ratings for six of 17 sites increased by one grade under the HadCM3B21 scenario relative to the baseline; ratings for four of these sites also increased by one grade under the CGCM2A2x scenario.
Freeze and Thaw Analysis Results
The median number of days to reach critical FI and TI thresholds, counted from October 1, are plotted for all sites in Figs. 3 and 4. With exception of Vancouver, where freeze thresholds were never satisfied in any of the baseline or future scenarios, the baseline median duration until freeze ranged from 58 days ͑Edmonton͒ to 116 days ͑St. John's͒. The corresponding baseline median number of days until thaw ranged from 131 ͑Kelowna͒ to 187 ͑Winnipeg͒.
Under the climate change scenarios studied, the number of days required to achieve critical FI and TI substantially increased and decreased, respectively. Assuming that CGCM2A2x conditions prevail, Kelowna, Windsor, Toronto, and St. John's join Vancouver in the subset of sites where over 50% of all seasons fail to reach critical FI ͑and therefore TI͒; elsewhere the median duration before reaching critical FI increases from 4 days ͑North Bay͒ to 27 days ͑Halifax͒ while critical TI is achieved 10 days ͑Thunder Bay͒ to 31 days ͑Muskoka͒ earlier. Critical FI is reached under the HadCM3B21 scenario in at least 50% of seasons at all sites ͑except Vancouver͒. Under this scenario, median values for most sites increase by about one to two weeks relative to the baseline, except for Kelowna, Toronto, Windsor, Halifax, and St. John's, where the median increased by up to 28 days. Critical TI is reached earlier in the season under the HadCM3B21 scenario at all sites except Kelowna, with median values ranging from 2 ͑Regina͒ to 14.5 ͑Halifax͒ days less than the baseline. Median values increased at Kelowna by 3 days.
Combining the FI and TI results allows examination of changes in the duration of the freeze season. Mean freeze season lengths for all of the study sites are presented in The mean duration of the freeze season dropped substantially under the climate change scenarios examined, from roughly 8% at Winnipeg ͑HadCM3B21͒ to 98% at the St. John's and Windsor sites ͑CGCM2A2x͒. The CGCM2A2x scenario consistently produced greater reductions in season length than the HadCM3B21 scenario. At least one in three seasons might not experience a freeze under the CGCM2A2x at the Vancouver, Kelowna, Toronto, Halifax and St. John's sites while rare ͑ϳ1 in 100͒ occurrences might also happen in Calgary, Muskoka, and Ottawa. As expected, where the mean season length remained relatively long under the climate change scenarios ͑i.e., Ͼ50 days͒, the standard deviation increased relative to the baseline. At sites where the mean season length was less than 50 days, the standard deviation under climate change was reduced relative to the baseline.
MEPDG Pavement Performance Simulation
The MEPDG is a new tool developed by the U.S. National Cooperative Highway Research Program ͑NCHRP͒ and AASHTO to assist engineers in making decisions about asphalt and concrete pavement design and rehabilitations based on the application of state-of-practice mechanistic-empirical principles ͑National A 20-year-design life, commencing during the month of August, was chosen for the analysis of pavement performance for all MEPDG applications. The key analysis parameters and associated design thresholds-international roughness index ͑IRI͒ ͑2.7 m/km͒, longitudinal cracking ͑378.8 m/km͒, transverse cracking ͑189.4 m/km͒, alligator cracking ͑25% surface coverage͒, AC rutting ͑6.4 mm͒, and total rutting ͑19.1 mm͒-were assumed to be triggers for pavement repair, rehabilitation, and reconstruction decisions. A reliability factor was also assigned to each parameter to account for uncertainties in predicting future pavement deterioration. Results for the standard MEPDG output at 50% ͑typical for local or collector road design͒ and 90% ͑principal arterial or freeway design͒ reliability levels were simulated for this study.
Six test sites representing a range of pavement structures and materials that are found in Canada were selected from the LTPP program ͑LTPP 2007͒ for analysis. Baseline traffic, pavement structure, and pavement material characteristics, summarized in Table 2 , were extracted from the LTPP database ͑LTPP 2007͒ while climate data for the nearest suitable observing station ͑see Table 1͒ were obtained from Environment Canada.
The climate data consisted of hourly records of air temperature, relative humidity, cloud amount, and wind speed, and 6-hourly or daily records of precipitation for the period 1990-2005. Since MEPDG requires hourly data, the 6-hourly and daily precipitation amounts were distributed evenly across respective periods. The percent sunshine variable required by MEPDG was derived from hourly cloud amount information. Potential midcentury ͑2040-2069͒ average changes in precipitation and temperature relative to the climate model baseline ͑1961-1990͒ were extracted for each site and used to adjust hourly values in the baseline time series. For illustration, the scenarios applied to the Manitoba ͑Winnipeg͒ site are graphed in Fig. 6 . Significant variation is observed between months and between the CGCM2A2x and HadCM3B21 scenarios for both mean temperature ͑−0.2°C to +6.7°C͒ and precipitation ͑Ϫ18.2% to +50.1%͒ variables. A series of simulations were then conducted to understand the separate and combined influence of climate and climate change, pavement structure, and traffic growth:
• Influence of climate and climate change alone. Monthly scenarios for the CGCM2A2x and HadCM3B21 climate modeling experiments that were used in the freeze-thaw and PG analyses discussed previously were applied to the MEPDG control data at six sites assuming no change in baseline traffic volume.
• Influence of structure type and baseline traffic volume. The various structural types and baseline traffic volumes represented in the 6 sites were evaluated using baseline and CGCM2A2x climate change scenarios for one location ͑Win-nipeg, Man.͒. • Combined influence of traffic growth and climate change. The first set of experiments were rerun for 6 sites assuming a 4% increase in annual average daily truck traffic ͑AADTT͒ and compared.
In total, 48 runs of MEPDG were completed in this analysis. Results are presented herein.
Results and Discussion

Influence of Climate and Climate Change Alone
Baseline and climate change scenario results for all performance parameters and all sites are summarized in Table 3 . Baseline values ͑reported in either m/km or mm͒ and relative percent changes for each climate scenario represent conditions at the completion of the 20-year-design life ͑i.e., terminal results͒. Performance parameter values under baseline conditions varied considerably among the sites. For example, IRI values ranged from 1.55 m/km at the British Columbia ͑Vancouver͒ site to 2.54 m/km at the Man. site, reflecting differences in structure, traffic loads, and climate. The only distress variable that remained relatively constant across most sites was transverse cracking. Initiated by extreme cold temperatures, transverse cracking lengths quickly reached maximum values of about 400 m/km at all sites except the B.C. location which experiences the mildest climate among the sites analyzed. This result likely indicates an overprediction of this particular form of cracking and underlying issues with the distress algorithms and assumptions within the MEPDG. In prac- tice, it is believed that by adopting the PGAC, a significant portion of the transverse thermal cracking can be addressed.
As noted, the primary objective of the MEPDG analysis was to evaluate relative, not absolute, changes in pavement performance between baseline and future climate change scenarios. The most significant differences between baseline and future climate scenarios were observed for the asphalt concrete ͑AC͒ rutting parameter. AC rutting increased at all sites, from a minimum of 14% at the Quebec site ͑CGCM2A2x scenario͒ to a maximum of 36% at the Man. location ͑CGCM2A2x scenario͒. Increases relative to the baseline were similar ͑within in a few percent͒ for both climate change scenarios except for the Alberta site where the HadCM3B21 scenario produced about 9% more AC rutting than the CGCM2A2x scenario. Much less change was observed for the total rutting parameter which suggests that deformation was reduced in the lower layers thus compensating for AC rutting. Changes in total rutting ranged from a reduction of 3% at the Que. site ͑CGCM2A2x scenario͒ to an increase of about 10% at the Ontario site ͑HadCM3B21 scenario͒. As with rutting in the AC layer, the changes relative to the baseline for both climate scenarios were consistently within a few percentage points of each other. However, the direction of the changes differed for the Alta., Man., and Newfoundland sites with slight reductions under the CGCM2A2x climate and small increases in total rutting under HadCM3B21 conditions.
In general, modest increases under climate change conditions were observed for the various cracking parameters relative to the baseline. A slight rise in longitudinal cracking was reported for most sites except for B.C. and Que., where no change or small decreases were recorded. Somewhat larger increases, from 2% ͑Que. site, HadCM3B21 scenario͒ to 14% ͑Nfld. site, CGCM2A2x scenario͒, were observed for alligator cracking. The high relative changes at the Nfld. site are associated with very small absolute changes in baseline cracking. In terms of transverse cracking, deterioration reached maximum values of approximately 400 m/km under each of the climate change scenarios tests as it did for the baseline run at 5 of the 6 sites, resulting in a zero net change. At the warmer B.C. site, transverse cracking was virtually eliminated under the CGCM2A2x scenario ͑97% reduction͒ but almost doubled ͑87% increase͒ under HadCM3B21 conditions. Despite issues with this form of cracking in the MEPDG, the B.C. results for the CGCM2A2x scenario are intuitively consistent with our understanding of cracking processes and may be more representative of future patterns in much of southern Canada than results from the other sites. The increase in cracking stemming from the HadCM3B21 scenario coincides with a regional area of relative cooling during the early winter period that is somewhat anomalous when compared to most areas in Canada.
The least amount of change between baseline and future climate scenarios was observed for the IRI performance parameter. Very small changes ͑i.e., less than 3%͒ in terminal IRI were observed under the CGCM2A2x and HadCM3B21 climate scenarios examined. Slight decreases in roughness were apparent at the two eastern ͑both scenarios͒ and B.C. ͑CGCM2A2x scenario͒ sites while slight increases were apparent at the remaining locations.
Terminal values of performance indicate the state of a pavement at the end of its service life. Just as important is the timedependent evolution of deterioration relative to maintenance, rehabilitation, and reconstruction thresholds. Parameter limits associated with a 20-year-design life as defined earlier were used to explore changes in the timing of maintenance requirements. At the 50% reliability level, 11 out of 36 possible parameter limits ͑6 sitesϫ 6 parameters͒ were exceeded at some point during the 20-year-design life under baseline climate conditions. Thresholds were not achieved for any parameter at the B.C. site or for the IRI and AC rutting parameters at any of the sites. Total rutting ͑all layers͒, longitudinal cracking, and alligator cracking criteria were met at 1 ͑Que., 10.9 years͒, 3 ͑Alta., 14.8 years; Man., 17.1 years; Que., 2.8 years͒, and 2 ͑Alta., 17 years; Man., 8.1 years͒ sites, respectively. With the exception of B.C., all sites reached transverse cracking thresholds early during the first winter season. As noted previously, transverse cracking would be negligible based on a proper PG selection.
After analyzing the climate change scenarios, two parameter limits ͑13 of 36͒ were added to those exceeded under baseline conditions. As with the baseline, no parameter limits were reached for the B.C. site and IRI criteria were not met at any site under the CGCM2A2x or HadCM3B21 climate scenarios. For most other parameters and sites, the general influence of climate change was to reduce the amount of time until maintenance, rehabilitation, or reconstruction thresholds were met. The reductions ranged from less than 1 year ͑Man., alligator cracking, CGCM2A2x, and HadCM3B21 scenarios͒ to over 5 years ͑Alta., AC rutting, and HadCM3B21 scenario͒. Results for the Que. site ͑total rutting, longitudinal cracking͒ and for the transverse cracking parameter were just the opposite, with climate change inducing a slight delay in the timing when limits were reached.
Influence of Pavement Structure and Baseline Traffic
In addition to showing the relative impact of the climate change scenarios, the results from Table 3 suggest that other variables, especially pavement structure and baseline traffic, are significant factors shaping pavement deterioration. To better understand the role of structural and baseline traffic assumptions, all of the structures represented in this phase of the study were run through MEPDG under the same baseline climate and CGCM2A2x climate change scenario ͑Winnipeg, Man.͒. Terminal deterioration results for IRI, longitudinal cracking, alligator cracking, AC rutting, and total rutting indicators were analyzed. Results for AC rutting are displayed in Fig. 7 . The most striking observation is that relative differences between various structure and traffic situations, as represented among the set of sites in the study, are much greater than those associated with changes in climate at the Winnipeg site. In particular, longitudinal and alligator cracking seem insensitive to changes in climate relative to variations in structure and traffic levels while AC rutting appears to be the most sensitive to shifts in climate among the indicators studied. Both the magnitude and direction of change are influenced by structural and traffic assumptions. For example, while the CGCM2A2x results for AC rutting were consistently higher than the baseline climate for all structures, relative rutting increased more for the Alta. structure ͑36%͒ than for the Nfld. structure ͑18%͒. Changes in IRI, total rutting, and longitudinal cracking between the baseline climate and CGCM2A2x scenario were inconsistent across the structure types, increasing in some instances ͑e.g., IRI for Alta., Man. and Ont. structures͒ and decreasing in others ͑e.g., IRI for B.C., Que. and Nfld. structures͒.
Combined Influence of Climatic Change and Traffic Growth
While many structural factors or assumptions remain constant throughout the pavement design life, the amount of traffic does not. Loads in most regions of southern Canada are likely to increase through time in conjunction with trends in population and economic growth. In order to understand the effect of increasing traffic, the MEPDG control and climate change scenario data sets for each site were run again assuming a 4% per annum compound growth in AADTT. 4% is a best practice value and is suitable for estimating AADTT growth over a 20-year-design life.
Results for IRI for both the static and annual 4% growth scenarios, under baseline climate and climate change conditions, are presented in Table 4 . The complete series of results is available in Mills et al. ͑2007͒ . Terminal deterioration is expressed in absolute terms and as a relative percent of the control ͑no traffic growth, baseline climate͒ for each scenario combination. The timing of reaching critical thresholds is specified for both 50 and 90% reliability levels as determined by MEPDG, representing high and low volume road facilities.
As expected, larger loads induced greater terminal deterioration and earlier achievement of maintenance-related thresholds for all pavement distress indicators except for transverse cracking, which is influenced primarily by climatic and material factors. Relative increases in AC and total rutting were consistent across all sites although somewhat less than the relative increase in terminal truck growth ͑49%͒. Increases in IRI and especially longitudinal and alligator cracking exhibited more variability across the sites. This observation is likely due to variability in pavement structures and baseline traffic volumes that were previously discussed.
The impacts of the CGCM2A2x and HadCM3B21 climate change scenarios relative to the no growth baseline that were described in detail for the first set of MEPDG analysis were generally unaffected by the application of a 4% per annum growth in traffic. While higher traffic loads increased the absolute deterioration and resulted in earlier achievement of maintenance-related thresholds, the relative changes from the CGCM2A2x or HadCM3B21 scenario to respective no growth and 4% growth traffic baseline climate scenarios did not deviate by more than 3%. We thus did not observe a synergistic effect between climate and traffic growth, as simulated through MEPDG. Further analysis, including possible refinement of the model, is necessary to fully explore this important issue.
Conclusions
Current and past designs generally assume a static climate whose variability can be adequately determined from records of weather conditions which normally span less than 30 years and often less than 10 years. The notion of anthropogenic climate change challenges this assumption and raises the possibility that the frequency, duration, or severity of thermal cracking, rutting, frost heave, and thaw weakening may be altered, leading to shifts in pavement deterioration rates if corrective actions are not taken. The analyses provided empirical evidence to support this contention for several sites in Canada. Similar results may be expected for locations in the northern United States. The analysis of deterioration-relevant climate indicators at 17 sites suggests that, over the next 50 years, low temperature cracking will become less problematic; structures will freeze later and thaw earlier with correspondingly shorter freeze season lengths; and higher extreme in-service pavement temperatures will raise the potential for rutting. Evidence from the 6 sites examined in the MEPDG analysis was not as universal but nonetheless suggests that rutting ͑AC and total͒ and cracking ͑longitudinal and alligator͒ issues will be exacerbated by climate change. In general, maintenance, rehabilitation, or reconstruction will be required earlier in the design life. The MEPDG analysis also revealed that the absolute impacts of climate change are closely associated with the underlying structural, material, and traffic characteristics of a particular sitegeneralizations from the results must therefore be considered with caution.
The results of this study are dependent on many assumptions, particularly those concerning representativeness of sites and treatment of climate scenarios. Site selection for both analyses was driven by data availability ͑e.g., LTPP, Environment Canada͒ and engineering expertise. While selected sections were representative of climates typically experienced in southern Canada, additional sites that capture an even broader range of climates and pavement structures found within Canada could have been analyzed and a greater number of climate change scenarios, and alternative or more sophisticated means of downscaling scenario data, could have been incorporated into the research. While such additions would no doubt contribute to greater confidence in the results, it is likely that the general findings would not change significantly.
None of the potential impacts suggested through this study fall beyond the range of conditions presently experienced in North America-analogous pavement structures and environmental and traffic situations are represented in the LTPP database. PG ratings and other material properties can be altered and structural designs can be improved for new asphalt pavements. Maintenance schedules can be advanced ͑or deferred͒ and systems can be put in place to monitor and predict freezing and thawing effects on pavement strength and restrict traffic accordingly.
For road authorities that manage much of the primary paved road network in Canada, the key adaptation issues will pertain not on how to deal with potential impacts but rather on when to modify current design and maintenance practices. The basis for such decisions often falls back to an assessment of relative costs ͑between status quo and various designs or interventions͒ borne by the public, road users, and, to the extent permitted in contractual agreements, by private sector construction and maintenance providers. The addition of climate change scenarios to typical 20+ year design evaluations into the life-cycle cost analysis process-essentially an extension of the MEPDG applications used in the current study-could be readily used to support future decisions. Regardless of future climate change, the reliability of such design evaluations could be improved by considering longer time series of climatic data to capture more variability.
Recommendations for Future Research and Application
Future MEPDG simulations should be run using the most current version together with climate scenarios developed using more sophisticated downscaling techniques than was possible in this study. Incorporating other climate-related road infrastructure issues, for instance those associated with concrete pavements, surface-treated roads, airfields, bridges, and culverts, would also be beneficial. At a minimum, long time series of historic climatic and road weather observations-ideally greater than 30 years in the case of climate-should be incorporated into analysis of pavement deterioration and applied to update SLRs and WWPs or assign performance graded materials. Impacts and Adaptation Program managed by Natural Resources Canada ͑Project No. A812͒. Special thanks are extended to Winnie Li, a co-op student, for assistance with running the MEPDG scenarios and to Suzanne Parm, a graduate student who assisted with the freeze-thaw analysis. Constructive comments and editing suggestions from three anonymous reviewers are also appreciated.
Notation
The following symbols are used in this paper:
H ϭ depth from surface, mm; Lat ϭ latitude of location, decimal degrees; T air min ϭ average annual extreme minimum daily air temperature,°C; T p min ϭ minimum pavement temperature at depth,°C; z ϭ z-score for appropriate level of reliability assuming standard normal distribution ͑z = 2.055, 98% reliability͒; and Tair min ϭ standard deviation of annual extreme minimum daily air temperature,°C.
